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摘  要：r 面( 0112 )蓝宝石晶体可用作制备非极性 GaN 薄膜的衬底。采用温度梯度法(temperature gradient technique, TGT)和导模法(edge-defined film-fed 
crystal growth, EFG)生长了质量良好的 r 面蓝宝石晶体。利用双晶衍射、光学显微镜、光谱仪观察和分析了晶体的结构和缺陷。结果表明：TGT 法生
长的 r 蓝宝石晶体的双晶摇摆曲线对称性好，半高宽值仅为 18 rad·s，位错密度为 4 × 103 cm–2，透过率达 83%，晶体质量好。与 TGT 法相比，EFG 法
生长的 r 面蓝宝石晶体的结构完整性较差，位错密度为 5 × 105 cm–2，透过率仅为 75%。但是 EFG 法具有晶体生长速度快，后期加工成本低的优点。 
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Abstract: ( 0112 ) r-plane sapphire is usually used as a substrate for growing nonpolar (1120 ) a-plane GaN film. r-plane sapphires 
with good quality were successfully grown by temperature gradient technique (TGT) and edge-defined film-fed crystal growth (EFG) 
methods. The properties of the sapphires were measured by double crystal diffractometry, optical microscopy and optical spectrometry. 
The results show that the sapphire grown by the TGT method has a dislocation density of 4×103 cm–2 and transmittance of 83%, 
and the full width at half maximum of the double crystal rocking curve is only 18 rad·s. The crystal is higher quality than the EFG 
sapphire. The dislocation density and transmittance of the sapphire grown by the EFG method are 5×105 cm–2 and 75%, respec-
tively. However, sapphires can be grown faster using the EFG method, which decreases the processing cost in the production of 
substrate. 
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Sapphire is widely used for special windows, domes, 
substrate and construction material because of its excel-
lent physical and chemical properties, including its high 
melting point, exceptional hardness, transmission over a 
wide band of wavelengths and radiation and chemical 
etching resistance.[1] The most common orientation of 
sapphire used as substrate in GaN film growth is the 
c-plane (0001). The superior crystallographic and elec-
trical quality and smooth surface of film growth on the 
c-plane is mostly responsible for its widespread use in 
light-emitting diode (LED) applications. However, GaN 
film grown on c-plane sapphire has undesirable sponta-
neous and piezoelectric effects, resulting in a large inner 
electric field, which decreases the electron-hole recom-
bination efficiency and reshifts the emission lengths, both 
of which are undesirable in GaN-based LEDs and laser 
diode (LDs).[2] Craven et al. [3] described the structural 
characteristics of nonpolar (1120 ) a-plane GaN thin films 
grown on ( 0112 ) r-plane sapphire substrates via 
metal-organic chemical vapor deposition (MOCVD), and  
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found that nonpolar (1120 ) a-plane GaN film could 
overcome the presence of large built-in electrostatic 
fields to further improve the quantum efficiency of LEDs 
and LDs. But the surface morphology of the GaN film 
grown on ( 0112 ) r-plane sapphire is usually quite rough, 
making device fabrication more difficult. 
High quality r-plane sapphire substrate is the basis of 
the growth of high quality nonpolar (1120 ) a-plane GaN 
film. At present, ( 0112 ) r-plane sapphire is grown mostly 
by the Czochralski technique,[4] heat exchange method,[5] 
edge-defined film-fed growth (EFG) method[6] and tem-
perature gradient technique (TGT).[7] The EFG method 
was developed from the Czochralski technique, and sap-
phire with different shapes, such as ribbon, filament, tube 
and bar, can be grown by the EFG method with a fast 
speed and low processing cost. The TGT method is a 
simple directional solidification technique that has been 
adapted for the growth of high-temperature crystals. A 
distinguishing feature of the TGT method, as compared 
with the Czochralski method, is that the solid–liquid inter-
face is absolutely submerged beneath the melt surface and 
is surrounded by the high-temperature melt. In order to 
develop high power GaN-based LEDs and LDs, the need 
for high quality ( 0112 ) r-plane sapphire substrate is 
quickly increasing. In this work, ( 0112 ) r-plane sapphires 
were grown by the EFG and TGT methods, and the prop-
erties of these sapphires were investigated. 
1  Experimental procedure 
Figure 1 shows the schematic diagram of the EFG 
growth of a ( 0112 ) r-plane sapphire sheet. The crucible 
and the die in the equipment are made of molybdenum. 
The die was fixed in the crucible and the crucible was 
filled with sintered Al2O3 powder. The Al2O3 powder was 
heated to the melting point at 2 350 K for 1–2 h with in-
duction heating in a high purity Ar atmosphere under a 
pressure of 0.11 MPa, and capillary feeding was achieved. 
Special attention was paid to the temperature of the die  
 
Fig.1  Schematic diagram of EFG growth of r-plane ( 0112 )  
sapphire sheet 
top to ensure that it stayed a little higher than the melting 
point of Al2O3. The [ 0112 ] orientation sapphire seed was 
inserted into the melt on the top of the die and the tem-
perature was adjusted so that the Al2O3 melt solidified 
onto it. After a few minutes and under steady state condi-
tions, the seed was pulled upward at a rate of 0.5 mm/min, 
and the melt began to spread across the die top since the 
contact angle was less than 90°. When the melt reached 
the edge of the die, the melt covered all of the top section. 
The sapphire crystal then continued to grow, with the 
shape determined by the outside top shape of the die, 
until the melt was consumed completely. 
A schematic diagram of the TGT furnace used to grow 
the ( 0112 ) r-plane sapphire can see in Ref.[8]. Sapphire 
crystals were grown in a tapered molybdenum crucible. 
The TGT furnace was heated at 2 273 K for several hours 
to make some elements vaporize, and molybdenum was 
used to minimize the environmental pollution of the 
crystal. A cylindrical seed crystal with [ 0112 ] orientation 
was placed in the seed position. The pressed Al2O3 pow-
der was then sintered at 1 673 K before being loaded into 
the crucible. The furnace was then vacuumed to 10–5 Pa 
and the temperature was raised to allow the material to 
melt and remain molten for several hours. After the tem-
perature field was stabilized, the ( 0112 ) r-plane sapphire 
was grown by slow cooling (2 K/h) with a high precision 
temperature program controller, because the temperature 
gradient at the solid–liquid interface set up in the material 
was formed by the temperature difference between the 
heating element graphite electrodes and the cooling water. 
The whole crystallization process was completed auto-
matically. During the growth process, it was essential that 
the temperature and the temperature field remain very 
stable and an important factor was the flow stability of 
the circulating cooling water so that the solid–liquid in-
terface was carried forward with the linear velocity. With 
a stabilized temperature field and a sufficiently slow sta-
ble cooling rate, scatter centers and second phase parti-
cles were eliminated. 
In order to reduce the defects and thermal stress in the 
sapphire crystal, the as grown crystals were first annealed 
in air and then in hydrogen at 1 773 K for 10 h. Sapphire 
sheets with [ 0112 ] orientation were cut in dimensions of 
20 mm × 20 mm × 2 mm from the center of the as-grown 
sapphire. The sheets were mechanically and chemically 
polished. Then the sheets were immersed into Na2O– 
B2O3 glass solution at 1 120 K for 25 min. The pattern of 
the etch pits was investigated by an optical microscope 
(Orthoplan) with a digital camera (JVC TK–C621–CCD). 
The crystallinity of the as-grown crystals was determined 
in detail through X-ray rocking curve (XRC) analysis 
(model X’pert2MRD Philips). The optical transmission 
spectra were examined using a UV–VIS–NIR spectro-
photometer (model V–57750, JASCO) at room tempera-
ture. 
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2  Results and discussion 
2.1  Crystalline characteristic of the as-grown r-plane 
( 0112 ) sapphire 
Figure 2(a) shows a sapphire sheet with dimensions of 
85 mm × 55 mm × 2 mm grown by the EFG method. Slight 
growth striations can be seen on the surface of the crystal 
and some black material was found near the seed. The 
growth speed (0.5 mm/min) of the r-plane sapphire crys-
tal grown by the EFG method was very fast and the tem-
perature field of the furnace was not very stable, which 
caused growth striations on the surface of the sapphire 
sheet. Figure 3 shows the XRD pattern of the black mate-
rials. The results show the black materials were a mixture 
of Al2OC and Mo2C. The reaction between the graphite 
heater, molybdenum crucible and Al2O3 melt at high 
temperature can be described by the following equations: 
2 3 2Al O 3C Al OC 2CO+ ⎯→ +                  (1) 
22Mo C Mo C+ ⎯→                          (2) 
Figure 2(b) shows a mechanically and chemically pol-
ished sample that was cut from the center of the sapphire 
sheet. No black materials were found on the surface or in 
the crystal, indicating that the black materials only existed 
on the surface of the crystal and there was no influence on 
the quality of the crystal grown by the EFG method. 
 
Fig.2  r-plane sapphire sheet grown by the EFG method 
 
Fig.3  XRD pattern of black material found on surface  
of sapphire sheet 
 
Figure 4 shows the sapphire sample with a diameter of 
φ 50.4 mm grown by the TGT method. The sapphire sam-
ple was light red before annealing because of the Cr+3 
and Ti3+ contained in the raw alumina powder. After an-
nealing at 1 773 K for 10 h in air and then 1 773 K in hy-
drogen for 10 h, the sapphire sample became colorless 
and transparent. In oxidizing atmosphere at high tem-
peratures, Cr+3 and Ti3+ in the sapphire crystal are easily 
oxidized to transform Cr4+ and Ti4+. Because Cr4+ and 
Ti4+ have no absorption in the visible spectrum, the opti-
cal absorption of Cr+3 and Ti3+ in the sapphire can be 
mostly eliminated. The carbon in the interior of the 
as-gown sapphire penetrates towards the edge of the 
boule and volatilizes in the form of CO or CO2 after 
combining with oxygen. However, the above decarboni-
zation reactions are not completed because of the large 
diameter of the sapphire boule. Hydrogen has a strong 
 
Fig.4  r-plane sapphire sample grown by the TGT method 
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decarbonizing effect at high temperature.[9] The Cr4+ and 
Ti4+ ions are not converted back into Cr+3 and Ti3+ be-
cause the former are much more stable than the latter in 
the sapphire structure. The purpose of annealing in hy-
drogen at high temperature is to eliminate any remaining 
carbon. 
The full width at half maximum (FWHM) of the dou-
ble crystal diffraction has a direct relationship with the 
crystalline quality; the smaller of the FWHM, the higher 
the quality of the crystal. Figure 5 shows the double crys-
tal rocking curve of the sapphires grown by the EFG and 
TGT methods. The curves of both sapphires have good 
symmetry, which indicates that both crystals have a 
homogeneous component and structure and no sub- 
boundary. The FWHM of 18 rad·s of the sapphire grown 
by the TGT method is much smaller than that (52 rad·s) 
of the sapphire grown by the EFG method. This indicates 
that the sapphire grown by the TGT method has less dis-
location density and residual stress. There is a little dif-
ference between the experimental diffraction angle (12.78°) 
and the theoretical diffraction angle (12.80°) of sapphire, 
which was caused by the structural defects. The existence 
of structural defects and residual stress in the crystal de-
stroys the regular arrangement of the atoms and changes 
the interplanar distance in the crystal, and it leads to the 
deviation of the Bragg diffraction angle. According to the 
results, the sapphire grown by the TGT method shows 
better quality than the sapphire grown by the EFG 
method, because of the fast growth speed and the residual 
stress during the EFG process. 
 
Fig.5  X-ray rocking curves of the r-plane sapphire grown by  
the EFG and TGT methods 
 
2.2  Etch pit patterns of r-plane sapphires 
Figure 6 shows the etch pit morphologies of r-plane 
sapphire samples observed by optical microscopy. The 
etch pits show a triangular shape in the sapphire samples 
grown by both the EFG and TGT methods, and the dis-
location densities are 5 × 105 cm–2 and 4 × 103 cm–2 respec-
tively. The shape of the etch pits of the EFG sapphire sample 
 
Fig.6  Etch pit patterns of the sapphires grown by different  
methods 
 
is made up of a series of isosceles triangles with different 
sizes and depths from the center to the periphery, and the 
erosion steps can be seen clearly. The etch pit center is the 
core of the point of the dislocation, and has the largest 
strain energy. From the center of the etch pits to the pe-
riphery, the strain energy becomes smaller and smaller, and 
the place that has larger strain energy experiences faster 
erosion speed, which causes the formation of the erosion 
steps. However, no obvious erosion step was found in the 
etch pits of the TGT sapphire sample, which indicates that 
smaller stress exists in the TGT sapphire sample. The rea-
son for the large dislocation density of the EFG sapphire is 
the fast growth speed and the residual thermal stress. 
The TGT crystal sample growth was carried out under 
stabilizing temperature gradients, and the temperature 
field was opposite to the gravitation orientation, which 
minimized the convection effects. The TGT crystal sam-
ple growth was, therefore, simple directional solidifica-
tion under stabilized temperature gradients with a sub-
merged solid–liquid interface, and there were no moving 
parts. After the crystal was grown, it was kept in the heat 
zone and the furnace temperature was reduced below the 
melt point. The temperature could be reduced to a desired 
rate to achieve in situ annealing of the boule. This re-
lieved solidification stress and reduced the defect density 
in the crystal.[8] 
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2.3  Optical properties of the sapphires 
Figure 7 shows the transmission curves of the r-plane 
sapphire samples grown by the EFG and TGT methods. 
The transmissivity of the EFG sapphire sample is im-
proved from 65% to 75%, and the transmissivity of the 
TGT sapphire sample is improved from 76% to 83% by 
two-step annealing. The “two-step” annealing method 
(first in air and then in hydrogen) effectively improves 
the transmissivity of these sapphires. The TGT sapphire 
has better optical transmissivity than does the EFG sap-
phire, which also indicates that the TGT sapphire has 
fewer defects. Both sapphire crystals have 256 nm ultra-
violet absorption, which disappears after the annealing. 
According to Ref.[10–11], the absorption band is caused 
by F+ centers. A large amount of oxygen vacancies are 
formed during the growth because of the shortage of oxy-
gen, and oxygen vacancies capturing one electron form  
 
Fig.7  Transmission curves of r-plane sapphire grown by  
different methods 
the F+ center. The oxygen vacancies would combine with 
the free oxygen when annealed in the air, which can 
eliminate the oxygen vacancies and 256 nm ultraviolet 
absorption. 
3  Conclusions 
It is very important to develop the growth method of 
( 0112 ) r-plane sapphire mostly used for growing nonpo-
lar (1120 ) a-plane GaN film. The EFG and TGT methods 
have been proven to be the optimal choices for growing 
( 0112 ) r-plane sapphire. The TGT sapphire shows lower 
dislocation, higher transmissivity and better crystalline 
quality, but it needs a long growth period. The EFG sap-
phire exhibits larger dislocation and lower transmissivity. 
However, the EFG method has a fast crystal growth 
speed and can decrease the processing cost, which may 
provide economic and energy savings. 
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